Abstract: Despite the fact that Wikipedia is often criticized for its poor quality, it continues to be one of the most popular knowledge bases in the world. Articles in this free encyclopedia on various topics can be created and edited in about 300 different language versions independently. Our research has showed that in language sensitive topics, the quality of information can be relatively better in the relevant language versions. However, in most cases, it is difficult for the Wikipedia readers to determine the language affiliation of the described subject. Additionally, each language edition of Wikipedia can have own rules in the manual assessing of the content's quality. There are also differences in grading schemes between language versions: some use a 6-8 grade system to assess articles, and some are limited to 2-3. This makes automatic quality comparison of articles between various languages a challenging task, particularly if we take into account a large number of unassessed articles; some of the Wikipedia language editions have over 99% of articles without a quality grade. The paper presents the results of a relative quality and popularity assessment of over 28 million articles in 44 selected language versions. Comparative analysis of the quality and the popularity of articles in popular topics was also conducted. Additionally, the correlation between quality and popularity of Wikipedia articles of selected topics in various languages was investigated. The proposed method allows us to find articles with information of better quality that can be used to automatically enrich other language editions of Wikipedia.
Introduction
Sustaining accurate, complete, reliable, and up-to-date information on the Web is very important, particularly during the development of collaborative platforms and the growth of their popularity. These platforms allow Internet users to create content without special technical skills. Despite the fact that even anonymous users can participate in content addition, information in these knowledge bases can be not only abundant but also trustworthy [1] .
Wikipedia is one of the best examples of such collaborative platforms. This encyclopedia became a popular source of information on different topics. Nowadays, it is the fifth most visited page in the world (https://www.alexa.com/siteinfo/wikipedia.org). The pages of this online knowledge base often appear among the first in search results using Google, Bing, Yandex, and other search engines. There are about 300 language editions on Wikipedia with over 46 million articles, which cover all subjects of human activity (https://meta.wikimedia.org/wiki/List_of_Wikipedias). The English edition is the largest and consists of over 5.4 million articles.
Despite the popularity and large volume of information in free access, Wikipedia is often criticized for unreliable content (more information about criticism of Wikipedia can be found on the page https://en.wikipedia.org/wiki/Criticism_of_Wikipedia). This is due primarily to the fact that everyone can participate in the creation and editing of the articles without proving competence or education. Changes made by users (even anonymous users) are immediately available for a wide range of Wikipedia readers. There is no professional editorial control. Articles about the same subject can be edited independently in each language version. Therefore, we can observe a difference in quality between languages depending on the described topic.
In order to help readers quickly determine the quality of the content, the Wikipedia community has defined a grading system for assessing the quality of the articles. Each language version of Wikipedia can have its own rules and standards for writing. In many language versions, there are special awards for articles of the highest quality. In English Wikipedia, these articles are labeled as "featured articles" (FAs)-they must be well-written with appropriate structure, comprehensive, well-researched with reliable sources, and present views fairly and without bias (https://en.wikipedia.org/wiki/Wikipedia: Featured_article_criteria). Another distinction-"good article" (GA)-can be awarded to an article that has not met the criteria for a FA but was close enough. These awards used in English Wikipedia often have equivalents in other language editions of Wikipedia. For example, for FA and GA awards in German Wikipedia are "exzellente artikel" and "lesenswerte artikel", respectively. However, the share of the best articles in each Wikipedia language is relatively small-on average, around 0.3% in each language.
In some language editions of Wikipedia, there are also other quality grades, which can reflect the maturity of an article. In English Wikipedia, in addition to the highest FA and GA grades, there are also A-class, B-class, C-class, start, and stub. In Russian Wikipedia, there are additionally "solid article", "I level", "II level", "III level", and "IV level" grades. Polish Wikipedia has three additional grades: "four", "start", and "stub". Equivalent classes between language versions can have differences in assessing standards. For example, in some language versions, for high grades, there is a limitation on the article's length. Therefore, each language version can have its own quality model, even if those languages have the same number of grades.
The observation is then that there are differences between Wikipedia languages in grading schemes, and not all language versions have a developed system of quality grades for articles. For example, one of the largest versions of Wikipedia is the German edition, and it has only two highest grades-equivalent to FA and GA. Differences in quality grades do not allow us to directly compare the quality of the articles between the various language versions. An additional challenge is a large number of articles without grades. For example, in German and Polish Wikipedia, over 99% of articles are unassessed (i.e., over 2 million and 1.2 million articles, respectively).
The goal of this paper is to research the relation between the quality of Wikipedia articles and their popularity. Our hypothesis is that relative popularity is positively correlated with the relative quality of an article. We introduce a method of quality assessment of Wikipedia articles as a synthetic measure, on a scale between 0 and 100. This approach is used to evaluate more than 28 million articles in 44 language versions of Wikipedia. In addition, a comparison of quality between the articles in different languages on selected topics is conducted. The paper also presents results of the estimation of relative popularity of these articles. This makes it possible to study the association between quality and popularity in each language-topic pair.
The paper is structured as follows. Section 2 describes related work concerning both the quality and popularity of Wikipedia articles. Section 3 introduces a synthetic measure used by us to assess the quality of articles, and we present various statistics. Section 4 explains how popularity is measured. In Section 5, we study the association between quality and popularity. Section 6 presents the results of the quality and popularity assessment of Wikipedia articles in 44 languages on different topics. Section 7 concludes the paper. and the comparing of their quality only within one selected language version of Wikipedia. This is due to the differences that can arise in the quality models between various Wikipedia languages [4, 5] .
In this paper, for the particular task of comparing the quality using synthetic measures, we decided to take into the account only important content-based metrics. Most of the existing studies evaluate the quality of Wikipedia articles as a binary classification problem, which is limited when comparing articles with similar quality classes. Some of the researchers have aimed to build models by taking into account all (or major) quality grades in developed language versions (such as English), but in this case, the precision decreases significantly. Additionally, previous studies have examined the quality of an article within one selected Wikipedia language instead of comparing different language versions of this article.
Popularity Measures
The second measure that we analyze in this paper is the popularity of articles. Earlier studies have showed that for some developed language versions of Wikipedia (such as English, German, and Spanish), the popularity of the articles was correlated with its number of edits [18] . Our prior work has showed that popularity can play an important role in the estimation of quality in specific language versions of Wikipedia [5] . Other studies have showed that measuring a topic's popularity in English Wikipedia can help in determining its number of articles of good quality-if the topic is popular, then it has a larger number of high-quality articles [19] . Warncke-Wang et al. showed misalignment between the popularity and quality of the articles in Wikipedia; however, the study was limited to four language versions of Wikipedia [20] . Additionally, none of the studies provided a comparative analysis of the popularity of the same article between language versions and its impact on the quality. Popularity can also show to a certain degree the importance of the article for groups of Wikipedia users that read it in a selected language version. This can also provide motivation to assign a higher-quality grade for an article in a given language version compared to other languages-a greater number of users can check the completeness, timeliness, and reliability of facts described in the article. Therefore, our hypothesis is that popularity can affect the quality dimension of an article.
This study is the continuation of work on building a synthetic measure for the quality assessment of Wikipedia articles in different languages [21] . Preliminary results have shown the high efficiency of this method in assessing articles on language-sensitive topics. Compared with our previous work [21] , we decided to increase the number of analyzed languages (from 7 to 44), expand the rules for quality assessment, and analyze the popularity of the articles.
Quality Measure
Many of the existing studies solve the problem of automatic quality assessment of articles as a classification task: articles can be marked as complete or incomplete [3] [4] [5] [6] [7] 9] . This is a large limitation for comparing articles in different languages, as it is not possible to show to what degree one article is better than the other if both are tagged with the same class (e.g., incomplete). Additionally, it is necessary to take into account different standards in the quality assessment met in various language editions of Wikipedia, defined by each community.
In order to build a synthetic measure, we chose five important content-based metrics:
• len-article length (in bytes); • ref -number of references; • img-number of images; • hdr-number of first-and second-level headers; • ral-the ratio of the number of references to the article length.
These metrics previously have showed high prediction power in quality assessment of English Wikipedia [3] , as well as for other language editions of Wikipedia [4, 5] . According to our findings, the above metrics are positively correlated with the quality grades [4, 5, 21 ] (see Figure 1 ).
Considering over 4 million articles with assigned quality classes in English Wikipedia, we have calculated the values of proposed metrics by quality classes. We can observe that the values of the metrics increase with an increase in the quality (stub-the lowest; FA-the highest). Table 1 presents medians of each metric of all articles in a particular quality class. As a side note, we do not take into account the A-class, because this class is usually assigned to articles that already have a FA or GA grade. We also excluded 111,412 articles that had two or more different quality grades assigned by various Wikipedia projects. In addition to the above metrics, which were used in our previous work [21] , we also decided to take into account special quality flaw templates, which can indicate some problems as identified by Wikipedia editors in a considered article. There are 12 types of this template in English Wikipedia, for example, verifiability, the style of writing, the structure, and neutrality [10] . We conducted a preliminary analysis of the best articles for finding quality flaw templates. It turned out that articles with a FA grade virtually did not contain important quality flaw templates. Therefore, including this additional metric is important for decreasing the quality score for articles with high values of content-based metrics and some quality problems at the same time.
Language Versions
We applied the following selection criteria for language editions of Wikipedia: (a) more than 100,000 articles and (b) editing depth value higher than 20. The latter value reflects the depth of collaborativeness, that is, how frequently articles are updated (https://meta.wikimedia.org/wiki/ Wikipedia_article_depth). This descriptor is highly relevant for Wikipedia. These criteria were met by 44 language versions. The list of languages along with a number of extracted articles and redirects is presented in Table 2 . 
Metrics Extraction
We used our own parser to extract the six considered metrics. This parser uses some of the files from Wikipedia dumps (a complete copy of all Wikimedia wikis, in the form of Wikitext source, raw database tables in SQL and metadata embedded in XML can be found at https://dumps.wikimedia. org/). Below is list of the files that were used by our parser for metrics extraction:
• {lang}wiki-latest-pages-articles.xml.bz2-Recombined articles, templates, media/file descriptions, and primary meta-pages. Used for calculation of articles' length, number of headers and references.
• In the above file names, {lang} refers to the language code of the Wikipedia edition (as described in Table 2 ). Thus, for each language version, we downloaded and then processed these five compressed files.
To obtain the most complete list of language links of each article, it is necessary to follow language links from each language version. For example, if an article in a given language has Wikilinks to relevant articles in other languages, one needs to check if the links are mutual. An additional challenge was to overcome redirections in language links of the articles. Summarizing, we collected about 19.3 million language link sets, and 5.6 million remained after removing duplicates. Further refining, on the basis of the similarity analysis, reduced the number of articles to 4.2 million interlanguage link sets.
In the case of counting quality flaws, we had to take into account various names of templates that pointed to specific English counterparts. For this purpose, we used interlanguage links in important quality flaw templates in English Wikipedia to obtain automatically appropriate names for these templates in other languages.
In this paper, we have used the Wikipedia dumps from September 2017.
Building Quality Measure
As described in [21] , often we can observe a positive correlation between the article quality and the value of each of the five considered quality metrics (article length, number of references, images, headers, and references per length). Figure 1 shows how the distribution of articles varies depending on metrics values considered by the example from the largest English Wikipedia version, which is noticeable if we consider the same number of articles with different quality grades.
As mentioned previously, English Wikipedia is the biggest edition, has an extensive grading system, and has a large number of assessed articles. The less developed languages (e.g., Belarusian, Georgian, Serbian, and Czech) do not always behave similarly to their more developed counterparts. However, taking into account the presence of the highest FA grade in all considered language versions of Wikipedia, we could calculate the median value of these best articles in each language. Medians for each considered metric and language versions are shown in Table 3 .
The above values were then used as thresholds in our quality measure. As proposed in [21] , on the basis of the medians, we normalized each metric, in particular, the Wikipedia language version, according to the following rule: if the value of the given metric in a given language exceeded the threshold, it was set to 100 points; otherwise its value was linearly scaled to reflect the relation of the value to the median value. For example, if the median for the number of references in Japanese Wikipedia was 118, any article with a larger number of references would score 100 for this metric; an article with 59 references would score proportionally 50 points after normalizing.
Changing the value of any metric in a particular Wikipedia language version would have a different effect on the normalized value. For each language version of Wikipedia, each metric could play an important role in assessing the quality; therefore we first counted the normalized metrics average (NMA) by the following formula:
where nm i is a normalized metric m i and c is the number of metrics.
Next we took into account the number of quality flaw templates QFT in the considered article (if they existed) and our final formula for the quality measure reads as follows:
In articles with a high quality score value (e.g., 90 points), each quality flaw template reduced the quality score by 5% (for one such template in our example, the article had 85.5 points). This way, if an article had the maximum values of a particular metric but at the same time had quality flaw template(s), this would not allow it to obtain the maximum value of the quality score (100). After the assessing of more than 28 million articles in 44 considered language editions of Wikipedia, we found that most of the articles obtained scores of between 0 and 30 points. Figure 2 shows the distribution of articles in this scale (a more detailed and interactive chart is found on the Web page: http://data.lewoniewski.info/informatics2017/). 
Popularity Measure
The quality of Wikipedia articles can change over time. This is particularly true for articles that contain time-sensitive information. If they are not regularly updated or are updated with delays, their quality will decrease over time. A lower quality will be observed particularly in comparison to equivalent articles in other languages that may be updated regularly. We can expect that more-popular language versions of the article will be verified by authors more often and, if necessary, can be updated faster than less-popular language versions. To some extent, this is reflected in the Wikipedia article depth measure. Concluding, it can be useful to consider popularity metrics of the articles.
Similarly to other studies [19, 20] , we have used the page view information in order to measure the popularity of articles. Wikipedia records data on users visiting their pages in all language versions every hour to special compressed files (https://dumps.wikimedia.org/other/analytics/). In order to measure the popularity of articles, we downloaded these data files with statistics for the last year (from September 2016 to August 2017)-about 442 GB of compressed raw data.
We define the following popularity metrics:
• tp-total popularity: total number of visits during the considered period; • sp-stable popularity: stable number of visits, which is calculated as the median of daily visits during the considered period.
In order to calculate the relative popularity, we normalized both metrics with regard to maximum values of popularity metrics in corresponding articles in other languages. Thus, for the popularity metric p of the particular article with v numbers of language versions, the language l * p with the maximum value can be found by the formulas:
Now, in order to calculate the relative popularity RP (on a scale between 0 and 100) of the selected language version l of the article, we counted using the average of the normalized popularity metrics tp and sp:
We consider an example. We suppose we have three language versions of the article-en, de, and fr. For each language, we have the following popularity metrics:
• total popularity tp(en) = 2000, tp(de) = 1000, and tp( f r) = 500; • stable popularity sp(en) = 30, sp(de) = 40, and tp( f r) = 20.
English (1) has the highest value of the tp metric; therefore l * tp = en, and we normalize using the value tp(l * tp ) = 2000: tp * (en) = (4), we obtain the following values of the relative popularity measure for each considered language version of the article:
Wikipedia Articles' Assessment
In this section, we present the results of the quality and popularity assessment of Wikipedia articles in 44 languages on different topics: companies, films, persons, universities, and video games.
Dataset
Wikipedia provides a system of categories, specific to each language, that allows for the grouping of articles. Thus, each language version of Wikipedia usually has its own structure of categories and own practices concerning their assignment. For example, in some languages, it is customary to tag an article with more than 20 categories; in others, the number can be limited to 2-5 categories. The quality of structure of categories also differs among languages. For example, in some language versions, articles about people, events, transport and other topics can be assigned to just one category.
A more reliable approach for classification is based on the infobox system. An infobox is a table, located usually at the top right-hand corner of an article, that concisely presents main facts about the subject. Depending on the topic described, infoboxes have different names. This allows other popular knowledge bases (e.g., DBpedia, https://dbpedia.org) to develop detailed ontology on the basis of these Wikipedia templates [22] . Popular infoboxes usually have their own names in various languages. For the purpose of our research, we have chosen 12 different infobox types on the basis of popularity in English Wikipedia. Using interwiki links, we extracted infobox names in other language versions. Table 4 shows that almost all languages of Wikipedia have equivalents of popular infoboxes in the English version.
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Quality Assessment
For all articles from our dataset, we calculated a synthetic measure of quality as described in Section 3.3. Table 7 presents the average quality scores of articles for each topic in 44 Wikipedia language editions.
If we consider the distribution of the quality scores of Wikipedia articles, we can also observe differences across language versions and topics. Figure 5 presents the distribution of quality scores for three Wikipedia language versions (English, German, and French) in 12 considered topics (charts for other languages are available from the Web page: http://data.lewoniewski.info/informatics2017/). 
Popularity Assessment
Our goal is to look for correlation between quality and popularity. Therefore, we also collected data about popularity as described in Section 4. In Table 8 , we present the average popularity metric tp for articles in each topic in 44 Wikipedia language editions. 
Association between Quality and Popularity
In this section, we present a comparison of the quality and popularity of Wikipedia articles in different languages.
As there were additional requirements for relations between languages, we have conducted the analysis on a subset of Wikipedia articles. We selected only those articles in each topic that had at least three language versions (cf. Table 6 ). We further analyzed combinations of a language and a topic-a pair. Table 9 presents the top 25 pairs with a share of articles, which had the highest quality in comparison to other languages (full data is presented in Table A1 in the Appendix). For example, the first row of this table should be interpreted as follows: regarding the topic "videogame", 60.5% of articles according to our quality score were best described in the English version. An analogous table was prepared for popularity. Table 10 presents the top 25 language-topic pairs with the share of articles that attracted the greatest popularity in comparison to other languages (full data is presented in Table A2 in the Appendix). Similarly to the previous table, the first row of this table should be interpreted as follows: regarding the topic "album", 85.8% of articles had the English version as the most popular (attracted the greatest number of visits).
The goal of our research is to analyze the association between quality and popularity. We have done this on two levels, using appropriate statistics, both parametric and non-parametric.
We first present results of a parametric test using a phi coefficient, calculated for each language-topic pair. This is a measure of association for two binary variables. Our variables were coded as follows: if an article about a specific topic in a given language was of the highest quality among all languages, then it was assigned a value of 1 (high score); otherwise, it was assigned 0 (low score). Popularity was coded similarly: if an article about a specific topic in a given language was the most popular among all languages, then it was assigned a value of 1 (high score); otherwise it was assigned 0 (low score).
Then, the phi coefficient was calculated by the following formula:
where n 11 is the number of articles of high quality and popularity scores, n 10 is the number of articles that have a high quality and low popularity score, n 01 is the number of articles that have a low quality and high popularity score, and n 00 is the number of articles that have low quality and popularity scores. Depending on the language and topic, the correlation may differ significantly. Table 11 shows the top 25 language-topic pairs with the highest correlation coefficients (full data is presented in Table A3 in the Appendix).
The problem with the phi coefficient, a special case of Pearson's correlation coefficient, is that the results have a high granularity and that it cannot be easily generalized. Therefore, we also set up another experiment, in which we estimated the association between the quality and popularity within a topic. For every topic, we prepared two lists of languages: one ordered by the share of articles that were of highest quality (see Table A1 ), and the other ordered by the share of articles that were the most popular (see Table A2 ). These lists were effectively ranks. We wished to know whether the order of the languages was similar, which would support the hypothesis that quality and popularity are associated. For this purpose, we used Spearman's rank correlation coefficient between shares of articles (also used by [19] in similar tasks). The results are presented in Table 12 .
Spearman's rank correlation assesses the strength of a link between two sets of considered data, which in our case reached 0.87 (for the topic "company"). The results show that depending on the topic, we could find a different correlation between quality and popularity, but a coefficient of no less then 0.61 (for the topic "settlement"). All associations were statistically significant (as shown by p-values). Overall, the results of our calculations supported the hypothesis that there is an association between high quality of articles and their popularity. However, the association strength depends on the topic and the language version of Wikipedia. 
Conclusions and Future Work
In this paper, we have described how the quality and popularity of Wikipedia articles can be measured across different languages. Depending on the topic and language, different correlations can be observed between the quality and popularity of Wikipedia articles. This can be due to several reasons.
First, there are differences between Wikipedia language communities in terms of the number of experts in each area. In less-developed language versions of Wikipedia, there are a small number of experts (or even an absence of) in some topics. This can be observed particularly in domains not specific for a given language community. Therefore, for any created article, there is a greater chance to award the highest grade through an assessment procedure than would be possible in a more-developed language version. More-developed versions, having a larger user base, are more demanding and hence more critical. It is more difficult to obtain a high-quality grade when there are more eyes watching.
Second, quality can evolve over time. We suppose that a non-popular article once received a high grade from the community in a less-developed language version. Because it is not popular, there is no incentive to update this article. The same subject in another language can be much more popular, and therefore facts can be updated regularly. In the less-developed language versions, we observe a discrepancy between the "graded" quality and the real quality. The factor that can help in this distinction is popularity.
Third, a large number of unassessed articles make it difficult to build accurate quality models on the basis of awards provided by users. Except for English and French Wikipedia, most of the language versions have a large number of unrated articles. In such models, important metrics are often related to the volume of information (e.g., articles' length, number of references, and images). Unfortunately, these metrics cannot measure other quality dimensions of the article content, such as, for example, timeliness.
The approach for quality assessment presented in this paper takes into account the specifics of the best articles of each language version of Wikipedia. By considering the popularity measure, we can improve the process of identification of language versions with the highest quality.
The proposed quality and popularity measures can be helpful particularly in automated knowledge extraction from Wikipedia articles. One of these such solutions is DBpedia. The problem that is often encountered is a conflict resolution, which is necessary when various language versions concerning the same subject have conflicting information [24] . Our quality metrics can help in building more-effective conflict-resolution strategies for data fusing. An example of such conflict in DBpedia is presented in Figure 6 . Conflict resolution is a first step towards the overall objective of enriching less-developed Wikipedia language versions, for which the appropriate information is of poor quality or is even absent. Figure 7 shows the general scheme of enrichment of information by transferring values from infoboxes of language versions with the highest quality and popularity scores. Before transferring values of particular parameters of an infobox, the information is compared to other language versions, and versions with higher quality and popularity scores will have a higher influence (weight) on selecting the proper value. The methods proposed in the paper have practical implications. The synthetic quality measure is used in the WikiRank service (http://wikirank.net), which assesses and compare articles in the various language versions of Wikipedia. A quality and popularity assessment of an article can help to evaluate the quality of its important part-the infobox. Such evaluation is used in the Infoboxes service (http://infoboxes.net).
Some of the presented metrics can be expanded. For example, by analyzing the similarity of sources in Wikipedia articles across languages, we can also evaluate the quality of their content [25] . Furthermore, the references themselves can have their own quality metrics (e.g., impact factor), which can be used as an indirect indicator of the article's quality. For popularity measurementsm it can be useful to add some metrics related to link analysis in Wikipedia articles [26] . In the future, we plan to continue studies on new metrics and their extraction methods for improving the Wikipedia article quality assessment model. 
